Backgrounds/aims: Human skin is a complex tissue consisting of several distinct layers. Each layer consists of various components with a specific structure. To gain a better insight into the overall mechanical behaviour of the skin, we wish to study the mechanical properties of the different layers.
Introduction
Knowledge about the mechanical behaviour of the skin in vivo is of importance for cosmetic and clinical applications. It can help to quantify the effectiveness of cosmetic products and to evaluate both skin diseases and pressure sores. Mechanical behaviour of the human skin is complex. The skin shows a nonlinear stress-strain relationship, behaves time-dependent, incompressible, anisotropic and inhomogeneous, and is subjected to a prestress. The complex structure of the skin leads to complex mechanical behaviour.
Several studies have been performed to determine the mechanical properties of the skin in vivo. Overviews were given by Piërard et al. (1) and Rodrigues (2) . The most frequently used techniques are tensile, indentation, torsion and suction experiments. Diridollou et al. (3) already mentioned that the data obtained are mainly descriptive. Occasionally, a model exhibiting (linear) Hookean material behaviour is applied to obtain a Young's modulus E. However, the value of the Young's modulus obtained is affected by various factors such as the amount of deformation (due to the non-linear stress-strain behaviour), hydration, skin thickness and the length scale of the experiment (for example, indenter diameter or aperture size). It also varies considerably for different experimental techniques. Bader and Bowker (4) obtained E = 1.1-2.0 kPa for indentation measurements using a 20 mm indenter. Agache et al. (5) obtained E = 0.42-0.85 MPa from torsion experiments using a disc of 25 mm diameter and guard ring of 35 mm diameter. Manschot (6) obtained E = 4.6-20 MPa for tensile tests using load pads of 10 × 10 mm with a distance of 5 mm. Suction tests performed by Barel et al. (7) using the Cutometer with an aperture size of 2 mm resulted in E = 0.13-0.26 MPa. Suction experiments performed by Diridollou et al. (8) using 100 mbar suction and an aperture size of 6 mm resulted in E = 153 kPa. In the above mentioned papers different constitutive models were used. What all these papers have in common is the use of simplified geometric models and boundary conditions, because all authors wanted to use closed form solutions for the mechanical analysis. This might explain the different outcome of different types of experiments. In fact this means that the models only successfully describe the mechanical behaviour of the skin for the particular loading case used in the experiment.
One way of circumventing this problem, is to use a more accurate modelling of the geometry and boundary conditions in the experiment. This implies that closed form solutions no longer exist and that a numerical analysis of the experiment can no longer be avoided. Our aim is to develop a method to characterize the non-linear mechanical skin behaviour using a numerical-experimental technique. In the present paper this method is used to develop a non-linear finite element model that is able to predict the skin behaviour during suction at varying pressures. If the method proves useful, it will be used in the future to develop a nonlinear finite element model that is able to predict the mechanical behaviour of the skin during different loading conditions such as suction at various aperture sizes or torsion, indentation and tensile experiments.
Suction was chosen, because it loads the skin both parallel and perpendicular to the skin surface. A second advantage of suction is that the boundary conditions are clearly defined. Furthermore, this method is easy to combine with an imaging method.
The suction experiment developed is similar to that described by Diridollou et al. (3) . Subsurface deformation of the skin is visualized using ultrasound. A numerical-experimental method, combining the results of a finite element model and the experiment, is used to identify the material parameters.
Method
The mechanical behaviour of the skin will be characterized using a numerical-experimental method, based on three major steps:
1. Measurement of deformation of the skin (which is defined here as the epidermis and the dermis) in response to applied suction.
2. Finite element modelling of the suction experiment.
3. An iterative scheme to compare numerical and experimental field properties . In each iterative step parameters are updated until convergence is reached.
This method is frequently used to model mechanical behaviour of materials. See for example Oomens et al. 
Experimental set-up
Suction is based on applying partial vacuum (relative underpressure) to the skin. In vivo suction experiments are applied to the volar forearm skin. This site is chosen since it is easily accessible and relatively flat. Furthermore, the epidermis at this site is thin. Therefore, at this moment, the contribution of the epidermis to the mechanical response of the entire skin is neglected.
20 MHz ultrasound is employed during the suction experiment to measure the deformation of the skin. A commercially available ultrasound system is used: DUB 20 (Taberna Pro Medicum, Germany). This system generates real-time two-dimensional (2D) images (B-scans) with a lateral dimension of 12.8 mm. The step size of the scanning system is 100 µm. The axial dimension of the images depends on the penetration depth. The obtained axial resolution is 79 µm. The pressure chamber is attached to the skin with double-sided adhesive tape. The diameter of the aperture plate touching the skin is 24 mm. The maximum outer diameter of the chamber is 50 mm and the maximum height is 27 mm. Part of the chamber can be detached (detachable unit), so different aperture sizes can be used.
Distilled water is added to the pressure chamber through the water inlet to serve as coupling liquid for the ultrasound. Addition of water hydrates -and thus weakens -the stiff stratum corneum. This decreases its contribution to the mechanical behaviour of the total skin.
To prevent air bubbles sticking to the walls of the chamber, a small amount of detergent is added to the distilled water. Air bubbles are removed through the water outlet. The polystyrene plate that separates the pressure chamber and the ultrasound system is positioned under an angle slightly less than 90 degrees with respect to the ultrasound beam. This is done to simplify removal of air bubbles and to reduce sound reflection of the polystyrene separation plate into the transducer.
When the pressure chamber is filled with water, the outlet is closed. Water can be withdrawn from (or fed into) the pressure chamber using a spindle driven syringe. The resulting underpressure lifts the skin through the aperture into the pressure chamber. The applied pressure is measured by a Kulite pressure sensor, which is located behind the water outlet (Kulite, XTC-190M-350 mbar VG, -350 to +350 mbar for -0.1 to +0.1 V). The pressure is set to zero when the skin surface is flat (zero suction state).
Measurements are performed on 10 subjects (male and female, aged from 19 to 24 years) using an aperture size of 6 mm. Water is withdrawn in 4 steps such that the skin is uplifted approximately 0.6, 0.9, 1.2 and 1.5 mm. Immediately after each step the pressure is measured and simultaneously a 2D image of the deformed skin is made.
The thickness of the skin can be obtained with the software that accompanies the DUB. The thickness of the dermis and the fat layer are calculated using a sound velocity of v=1580 m/s and v=1440 m/s, respectively (12) . The location of the suction device can be used as a reference to calculate the displacement of the skin surface, using a sound velocity of v=1500 m/s for water.
Finite Element Model
The skin is not thin enough compared to the aperture size of the suction device to model it as a membrane.
Therefore, the suction experiment is simulated using the finite element method (13) . One of the possible reasons for the difference in results of different types of experiments (see introduction) maybe explained, because too simple models for geometry and boundary conditions were used..
The FE model is made in MSC.MARC (14) and comprises the following features.
• The thickness of the dermis is obtained from the ultrasound images. For each subject a different FE mesh is used, based on the dimensions obtained from the ultrasound images.
• The skin is assumed to be isotropic, both in the plane parallel to the skin surface and in the plane perpendicular to the skin surface. Therefore, a 2D axisymmetric model can be employed.
• The skin is assumed to be incompressible.
• Time-dependent behaviour is ignored.
• Extended Mooney material behaviour is modelled to account for the non-linear stress-strain relationship of the skin. The strain energy function that is used is: where I 1 and I 2 are the first and second invariant of the Finger strain tensor B. For small strains the contribution of the second part of the equation is negligible and C 10 can be converted into a Young's modulus using E = 6 C 10 .
• Boundary conditions: all displacements of the skin glued to the chamber are restrained. Displacements at the outside boundary are left free; displacements at the symmetric axis are restrained in the direction parallel to the skin surface to satisfy symmetry conditions. The dermis-fat interface and the boundary (r = 24 mm) are left free.
• Pressure in the suction device is prescribed according to the pressure measured in the experiments.
A pilot experiment was performed, which is described in Appendix A. Estimations of material properties were performed with a two layer model with fat and skin as separate layers. It appeared that the stiffness of the fat layer is very small compared to the skin layer and hardly influences the result of the numerical analysis. This makes it difficult to estimate the fat properties by means of this experimental set-up.
Considering this , the choice was made to model only the dermis (including epidermis) and to characterize the non-linear mechanical behaviour of the dermis. Figure 3 shows the finite element mesh and the applied boundary conditions.
Parameter identification
The third part of the numerical-experimental method is the iterative procedure that is used to adjust the parameters of the material model. This procedure is performed in MATLAB (16) . It adjusts the material parameters in the input file of the FE model, runs the FE simulation, extracts the relevant results from the simulation (skin surface displacements at various pressure levels), and compares the results from the simulation with the experimental results. The results are put in an objective function that needs to be minimized. The objective function is defined as: A standard constrained non-linear optimization function in MATLAB is used to minimize this objective function for the material parameters C 10 and C 11 . This function uses a sequential quadratic programming (SQP) method. At each major iteration a quadratic programming (QP) sub-problem is generated using a quasi-Newton updating method. The solution of the QP sub-problem is used to form new parameter estimates of C 10 and C 11 using a line search procedure.
The displacements of the skin surface, x i , at various pressures p i , are the results that are used to identify the material parameters. The applied pressures p i are used as input to the finite element model. Figure 4 shows an ultrasound image of the volar forearm skin of a 21 year old male (subject 7) at zero suction state. The aperture size is 6 mm. The figure reveals the entrance echo caused by the water-stratum corneum interface, the dermis, the subcutaneous fat and the underlying muscle. The epidermis cannot be distinguished from the dermis due to the system's resolution of 79 µm.
Results

Experiment
The skin surface and the bottom of the aperture plate are not at the same level in the ultrasound figure. This is caused by the different sound velocities of the aperture plate and the water. The software uses only one sound velocity to convert all detected time signals into depth information. The figure also shows that no clear signal is reflected to the transducer from the skin behind the aperture plate. Increasing the suction pressure led to an increasing uplift of the skin surface, an increasing fat thickness and a decreasing dermal thickness. At 194 mbar underpressure the skin surface uplift was 1.61 mm, the thickness of the fat layer was increased with 1.59 mm to 2.40 mm and the thickness of the dermis was slightly decreased with 0.1 mm. The fat-muscle interface moved up 0.12 mm.
The suction also led to decreased signal intensity compared to the zero stress state, especially in the regions outside the centre of the aperture. This is caused by the orientation of dermal fibres. Because of the curvature of the dermis, the dermal fibres are no longer oriented perpendicularly to the ultrasonic beam, resulting in a smaller amount of ultrasonic wave energy reflected to the transducer.
It was observed that for 6 of the 10 subjects the muscle could not be detected. Therefore it was not possible to measure the thickness of the fat layer for all subjects.
In figure 6 the measured pressure is plotted versus the skin surface displacement for 10 subjects. This figure illustrates that the pressure-displacement curve is non-linear and that the measured pressure at a certain displacement can vary up to a factor of 4 for the different subjects. Dermal thickness for each subject is given in table 1. The average thickness found was 1.35 ± 0.10 mm.
Numerical model and Parameter identification
In figure 7 three typical pressure-displacement curves are presented for the experimental data and the prediction of the finite element model for different subjects. The lines represent the numerical results: dashdotted line for subject 2, solid line for subject 13 and dashed line for subject 11. The symbols represent the experimental data: diamond for subject 2, star for subject 13 and circle for subject 11. The corresponding material parameters are C 10 = 11 kPa and C 11 = 230 kPa for subject 2; C 10 = 11 kPa and C 11 = 89 kPa for subject 13; C 10 = 7.1 kPa and C 11 = 34 kPa for subject 11. This figure shows that the used finite element model exhibiting extended Mooney behaviour is able to describe the experimentally observed response. Table 1 shows the thickness of the skin and the estimated material parameters for all subjects. For the entire test group average values of C 10 = 9.4 ± 3.6 kPa and C 11 = 82 ± 60 kPa were found. Figure 8 shows the displacements (in mm) in the skin for subject 13 predicted with the finite element model using the above mentioned material parameters.
The stability of the estimation procedure was evaluated by varying the initial estimates of the material parameters. This was done for all measurements. Variations up to a factor of at least 5 did not affect the value of the final estimation for the material parameters. Also the influence of the number of experimental observations on the estimated value of the material parameters was studied. It was found that reducing the number of observations caused large variations in the estimated values. Therefore, it is important to obtain enough experimental data to obtain reliable values for the material parameters.
The reproducibility of the method was studied by evaluating the influence of measurement errors such as deviations in dermal thickness, measured pressure or displacements on the estimated material parameters.
The influence of the dermal thickness was evaluated for subject 11. Increasing the dermal thickness in the The necessity for the non-linear term in the constitutive equation that describes the material behaviour, C 11 , is evaluated for subject 11 as well. Figure 9 shows the pressure-diplacement curves for the experimental data (stars) and for FE simulations with C 10 and C 11 as estimated with the numerical-experimental method (C 10 = 7.1 kPa and C 11 = 34 kPa, solid line); C 10 = 7.1 kPa and C 11 = 0 (dashed line) and C 10 = 14.2 kPa and C 11 = 0 (dotted line). The figure shows that Neo-Hookean material behaviour, W = C 10 (I-3), is not suitable to describe the non-linear behaviour of the skin.
Discussion
With the experimental set-up used, it was possible to visualize deformation of the dermis, subcutaneous fat and in some cases of the underlying muscle. Most deformation caused by suction is found in the fat layer, which agrees with observations by Diridollou et al. (3) . With a FE model of the dermis and fat layer, a first rough estimate was found for the stiffness of the fat in vivo assuming Neo-Hookean material behaviour (C 10 = 0.02 kPa). It was shown that the contribution of the fat layer to the mechanical response of the skin is negligible in suction using an aperture size of 6 mm.
The employed numerical-experimental method was suitable to characterize the non-linear mechanical behaviour of the dermis in vivo. The resulting FE model using extended Mooney material behaviour is able to describe the experimentally obtained pressure-displacement curves for both small and large deformations. However, large variations are found for the skin response, resulting in large variations for the material parameters. The advantage of this FE model over an analytical model such as that by Diridollou et al. (3) is that the FE model is suitable to describe larger pressures and deformations. Moreover, the FE model can be used to describe suction experiments at smaller aperture sizes. In such an experiment, assuming the skin to be a (thick) membrane, is not allowed. Furthermore, the FE model exhibiting extended Mooney behaviour was able to describe the non-linear pressure-displacement curve of the skin without taking a prestress into account.
As non-linear material behaviour is modelled, the obtained material parameters (C 10 = 9.4 kPa and C 11 = 82 kPa) cannot be directly compared with results from the literature. Only by assuming small strains C 10 can be converted into a Young's modulus using E = 6C 10 . This results in E = 56 kPa which is in the same order of magnitude as values found by Diridollou (129 kPa) (8) and Barel (130-260 kPa) (7). The slightly lower values resulting from this study can be explained by the contribution of C 11 , as was shown in figure 9 .
Evaluation of the method showed that the number of observations is important for the reproducibility of the calculated material parameters. In the future, the set-up will be extended with a computer controlled pump to obtain a more continuous pressure-displacement curve. The evaluation also showed that deviations of the dermal thickness and measured displacements in the order of the system's resolution of 79 µm (approximately 5% deviation in dermal thickness and measured displacements) may lead to large variations in the estimated material parameters. Therefore, a higher frequency ultrasound system, exhibiting a better resolution, will be used in the future .
At this moment, the experimentally obtained change in dermal thickness is not used to test the performance of the constitutive model. In the future this can be done to test whether anisotropy should be added to the model. Furthermore, time dependence could be added, since the skin behaves visco-elastic.
With the numerical experimental technique, with accurate modelling of the geometry and boundary conditions, it should be possible to compare the results from different kind of tests like suction, indentation and uni-axial test. These different test should provide the same material properties, at least when an appropriate constitutive model is used. In the first experiments we have planned for this purpose different aperture sizes are used.
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Appendix: Pilot experiment with two layer model
At first the model comprised of two layers: dermis (including epidermis) and fat. Both were assumed to be homogeneous. For each subject a FE mesh is made based on the thickness of the dermis and the fat. The thickness of each layer was obtained from the ultrasound images. The muscle-fat interface was forced to remain flat. Previous simulations showed that fixation in the plane parallel to the surface did not affect the total result.
To gain an initial guess for the stiffness of both layers, first Neo-Hookean material behaviour was assumed (C 11, dermis = C 11, fat =0). C 10, dermis and C 10, fat were estimated by varying those parameters manually and comparing the computed displacement of the skin surface and the dermal-fat interface with experimental data. This experiment was performed on a 31 years old male, using an aperture size of 8 mm. Application of 37 mbar suction resulted in an increase of fat thickness from 1.15 to 1.58 mm. The dermal thickness remained unchanged at 1.21 mm. The skin surface and the fat-muscle-interface were lifted 0.65 and 0.22 mm respectively. This resulted in C 10, dermis = 50 kPa and C 10, fat = 0.02 kPa.
However, when this model was used to identify C 10 and C 11 for both dermis and fat using the parameter identification as described in the next paragraph, a few problems were encountered.
• For larger deformations (skin uplift of 0.88 mm, corresponding to a maximum of 130 % equivalent total strain in the fat layer), numerical convergence could not be obtained due to incompressibility and the large difference in stiffness of both layers.
• The displacement of the skin surface was relatively insensitive to variations of C 10, fat , as long as its value stayed below a certain value (0.02 kPa). This may be caused by the combination of the aperture size of the experiment and the large difference in stiffness of both layers.
• Only for subjects where the muscle can be identified with ultrasound, the thickness of the fat layer can be obtained.
Therefore the two-layer model was found to be inappropriate to characterize the mechanical properties of both dermis and fat using the described experimental set-up.
The influence of the fat layer on the total response of the model was studied by comparing the pressuredisplacement curves of the two-layer model (dermis and fat) and a one-layer model (dermis only). Figure 2 shows that removal of the fat layer from the FE model leads to a small increase (3 %) in the displacement of the skin surface at 37 mbar suction. This means that the fat layer hardly influences the response of the skin surface to the applied suction.
Legends for illustrations Figure 1:
Schematic representation of the suction device attached to the ultrasound system. The device consists of a pressure chamber that can be closed to load the skin through the aperture and of a water filled part which connects the pressure chamber to the ultrasound system. The detachable unit enables use of various aperture sizes.
Figure 2:
Pressure-displacement curves for the skin surface predicted by the one-layer model (dermis) and the twolayer model (dermis and fat), assuming Neo-Hookean material behaviour.
Figure 3:
Finite element mesh and boundary conditions of the suction experiment for subject 13.
Figure 4:
Ultrasound image of forearm skin and fat at atmospheric pressure. From left to right: water (black), entrance echo (bright), dermis (grey and white), subcutaneous fat (black) and muscle (grey and white).
Figure 5:
Ultrasound image of forearm skin and fat at 26 mbar suction.
Figure 6:
Experimentally obtained pressure-displacement curves for 10 subjects using an aperture size of 6 mm.
Figure 7:
Experimentally obtained and simulated pressure-displacement curves for 3 subjects. The lines represent the numerical results: dash-dotted line for subject 2, solid line for subject 13 and dashed line for subject 11. subject 11.
Figure 8:
Detail of result of finite element simulation showing displacements at 181 mbar suction for subject 13.
Figure 9:
Pressure-displacement curves for the experimental data (stars) and for FE simulations of subject 11 with C 10 and C 11 as estimated with the numerical-experimental method (C 10 = 7.1 kPa and C 11 = 34 kPa, solid line); C 10 = 7.1 kPa and C 11 = 0 (dashed line) and C 10 = 14.2 kPa and C 11 = 0 (dotted line). 
